The construction of functional noble metal nanocrystals has received increasing interest because their unique optical, magnetic, and catalytic properties can be tuned by controlling the size, shape, chemical composition, surface and interfacial structure, 1,2 and they have potential applications such as in catalysis, biodiagnostics, plasmonics, and surface-enhanced Raman spectroscopy.
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3,4 Very recently, the special attention has been paid on the shape-controlled synthesis of binary metallic heterostructures through epitaxial growth of second (third) metal over the seed metal. [5] [6] [7] As a new and very important achievement, Yang and co-workers rationally designed and used cubic Pt nanocrystals as seeds for the conformal shape-controlled epitaxial overgrowth of Pd and the anisotropic growth of Au. 8 They also showed that lattice mismatch (0.77% for Pt/Pd versus 4.08% for Pt/Au) plays a critically important role in the overgrowth of the secondary metal and high lattice mismatch prevents the conformal overgrowth. In order to extend the shapecontrolled growth of binary or trinary metallic nanocrystals and get the deep insight of the growth mechanism, it is highly desirable to develop new synthesis methods and establish a general rule for epitaxial growth of heterostructured nanocrystals of a variety of metals.
In this communication, we describe a simple and effective route to synthesize bimetallic core-shell nanocubes in aqueous solution by a two-step seed-mediated growth method using Au nanooctahedra as cores. A complete conversion from octahedral metal cores into heterogeneous single-crystal nanocubes in high yield was achieved for the first time. Through a systematic investigation on the growth of core-shell heterogeneous structures of four typical noble metals (i.e., silver, gold, palladium, and platinum), we propose the relevant growth modes and more general criteria for the conformal epitaxial growth or the heterogeneous nucleation and growth of various noble metals.
As the seed-mediated growth method is a convenient and versatile synthesis method for metal nanostructures, 9 we used a modified two-step seed-mediated growth method for synthesizing Au@Pd nanocubes. Au nanoparticles of about 3 nm in diameter were first synthesized as the seeds for growing about 30 nm Au nanooctahedra as the cores. Then the uniform Au@Pd nanocubes were overgrown on the octahedral Au cores in high yield by reducing H 2 PdCl 4 with ascorbic acid under the assistance of a surfactant (cetyltrimethylammonium bromide, CTAB). All the samples were characterized as prepared without any purifying. The scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images show that the overall morphology of the sample and the majority of the core-shell particles adopt a perfect cubic shape with mean size of 41.5 ( 1.0 nm (Figure 1a,b) . The particles tend to assemble into an ordered square array on Si substrate, indicating the highly monodispersed particles size. The STEM images and the elemental mapping of a single particle (Figure 1c) confirm the successful preparation of the core-shell structure. The selected area electron diffraction (SAED) pattern ( Figure 1d ) and high-resolution TEM (HRTEM) analyses ( Figure S2 ) show that shells of the nanocubes are single-crystalline with the {100} bare surfaces.
It is of interest that the area corresponding to the Au core is completely covered with fringes formed by alternate bright and dark stripes, as shown in Figure 1b ,d. These fringes are Moiré patterns due to the superposition of two misfit crystalline lattices (Pd and Au lattices). 10, 11 The spacing of the Moiré fringes can be calculated for each of the different patterns using the following expression:
where D is the spacing of two stripes and d 1 and d 2 are the misfit crystalline lattices of the overlapping planes. The spacing shown in Figure 1d is 3.55 nm, corresponding to the calculated data (3.43 nm) of the crystal lattices of Pd and Au {220} planes. As seen in the images, the Moiré fringes parallel to each other in the core area suggest that the relative orientations of both lattices are accordant and the epitaxial growth of the Pd shell occurs on the Au core. The X-ray diffraction (XRD) patterns recorded on Au seeds and Au@Pd nanocubes are compiled in Figure 2a ,b. For Au octahedral particles, only a (111) peak clearly appears in the pattern, indicating the {111} planes of the particles have a preferential orientation (parallel to the substrate). In contrast, Au@Pd nanocubes tend to orient along {100} planes parallel to the substrate, thus giving higher (200) diffraction intensity of Pd shell than that of (111). Furthermore, they are two separate phases for Au cores and Pd shells in nanoparticles, showing that the Au cores do not affect the lattice of the epitaxial shell. Interestingly, for the Au@Pd nanocrystals, the preferential orientation of the Au seed also changes from the (111) to (100) as shown in the XRD pattern, indicating the isoorientation between the core lattice and shell lattice. The TEM images (Figure 2c -e) taken from Au seeds and Au@Pd nanoparticles prepared with different volumes of H 2 PdCl 4 show the growth pathway of the cubic Au@Pd nanocrystals. Clearly, the Au nanooctahedra first grow into truncated cubes (Figure 2d ) then into cubes (Figure 2e ). The decrease of the eight {111} facets of octahedral Au cores and the increase of the {100} facets of Pd shells indicates the fast growth rate along the 〈111〉 directions. These experimental facts suggest that the surfactant could selectively adsorb on {100} facets and lower the surfaces' energy of the {100} surface under the present experimental condition.
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To investigate the mechanism and rule for the epitaxial growth of heterogeneous structure of noble metals in aqueous solution, we further synthesized another two kinds of binary metal core-shell nanoparticles, Au@Ag nanocubes ( Figure S3 ) and Au@Pt nanospheres, in the similar reaction conditions as shown in Figure 3a -d. It can be found that Au@Ag nanoparticles exhibit uniform cubic shape and are well monodispersed. All the surfaces of the Au@Ag nanocubes are atomic smooth with no obvious defect. Figure 3a shows that each Au@Ag cube contains a dark Au core at the center and a uniform single-crystalline Ag shell. However, no obvious Moiré fringes can be observed in the core area ( Figure S4 ) because the lattices of bulk Au and Ag have almost a perfect match (0.1%). For Au@Pt, uniform nanospheres with a rough surface were observed. The TEM image indicates that the Pt shell surrounding the octahedral Au core is polycrystalline as shown in Figure 3c and Figure S5 . This dramatically different morphology suggests a three-dimensional heterogeneous nucleation and growth, rather than the layer-by-layer epitaxial growth for Pt shell on Au seeds. This result is quite surprising as the conformal epitaxial growth mode is applicable to Au@Pd nanocrystals with a large lattice mismatch (4.71%) but not to the Au@Pt one with relatively small lattice mismatch (3.80%).
It is worthwhile to clearly understand why Pd and Ag adopt epitaxial growth on Au surface but Pt does not. In addition to the lattice match, other factors and the synergetic effect of all factors to determine the growth mode must be considered. One could simply give the explanation in terms of the low surface free energy. However, this is vague especially for the growth over nanocrystals in solution with complex components consisting of second metal ions, anions, and reducing and capping agents. According to the heterogeneous nucleation and growth theory, the growth mode is mainly determined by the lattice match and interactions between the overlayer and substrate. Generally, there are three types of growth modes when a substance is deposited on a substrate in gas phase or vacuum, the layered growth (Frank-van der Merwe (F-M) mode), the island growth (Volmer-Weber (V-W) mode), and the intermediate type of growth (Stranski-Krastanow (S-K) mode). 13 According to the theory of F-M mode growth (layerby-layer epitaxial growth mode), the metal bond energy is a key factor in addition to the lattice match. The interactions among atoms in the deposited overlayer should be smaller than that between the substrate and overlayer. Moreover, we think that the proper interaction of the overlayer and substrate, for example, the electron transfer, could be another key factor when the crystal growth occurs in solutions, which is governed by the electronegativity of two kinds of metal atoms. A good example is electrochemical underpotential deposition (UPD) in electrolyte solution.
14 The foreign metal atoms with lower electronegativity tend to wet the heterogeneous metal surface and form the two-dimensional UPD overlayer. It also prevents the galvanic displacement reaction, that is, the deposition of less active metal (with higher electronegativity) on the metal core.
Accordingly, we propose the following rules for the epitaxial layered growth of heterogeneous core-shell nanocrystals: (i) The lattice constants of two metals should be comparable with the lattice mismatch smaller than about 5%. The shell metal with smaller atom radius is easier to epitaxially grow on the core as they could uniformly release the lattice strain resulting from the lattice mismatch. (ii) The electronegativity of the shell metal is lower than the core metal in order to avoid the displacement reaction and to easily wet the surface of the core. Otherwise, the shell metal intensively tends toward galvanic displacement of the core metal instead of the epitaxial growth ( Figure S7 ).
5 (iii) The bond energy between metal atoms of the shell should be smaller than that between the shell atoms and substrate atoms in order to ensure the growth in the F-M mode. Table 1 summarizes these physical constants for four typical noble metals and the experimental observations for the layered growth mode. Only three core-shell structures (Pt@Pd, Au@Pd, and Au@Ag) can well meet the abovementioned three rules, which is in a good agreement with our experimental result (Figures 2, 3 , and S7) and the previous literature. 5, 8 Further theoretical calculation on the integrative effect of the three factors above is under investigation.
In conclusion, three binary metallic core-shell nanocrystals have been successfully synthesized in high yield by a two-step seedmediated method in a simple aqueous system. The growth of heterogeneous metal shells on the gold core presents two different forms, the conformal epitaxial growth for Au@Pd and Au@Ag nanocubes, and the heterogeneous nucleation and island growth for Au@Pt nanospheres (see Figure 4) . Accordingly, we have preliminarily proposed that the atomic radius, bond dissociation energy, and electronegativity of the core and shell metals could play key roles in determining the growth mode. Moreover, the layer growth rate should be adequately low because the kinetics of the epitaxial growth could be influenced considerably by the concentration of surfactant, reducing agency, and metal ion as well as the reaction temperature. The systematic mechanistic study would be helpful for further extending the shape-controlled epitaxial growth of core-shell nanostructure to other materials. Furthermore, the binary metal nanocubes with uniform size are easy to fabricate and process into more complex nanostructures, such as the multiple shells. The fascinating features with unique properties could become very attractive and promising building blocks for advanced materials and devices. 
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